A multiterminal conductance formula describing resonant tunneling through an interacting mesoscopic system is derived and used to investigate the nonlinear conductance of a quantum dot. An explicit gauge-invariant expression for the I-V characteristic which depends sensitively on the full capacitance matrix is obtained. A voltage probe is found to have a dramatic effect on the nonlinear conductance.
where ͕d y n ͖ creates a complete set of single-particle states in the mesoscopic system, c y k[a creates an electron in state k of reservoir a, and H int is a polynomial in ͕d y n , d n ͖ which commutes with the electron number N P n d y n d n . We denote the ground state of H int for each N by j0 N ͘ and the ground state energy by E 0 N . We assume E 0 N to be nondegenerate, as is generically the case in a nonzero magnetic field.
The expectation value of the current flowing into reservoir a can be expressed using the formalism of Meir and Wingreen as [5] I a 2 e h Z de Im Tr ͕G a ͑e͒ ͓G , ͑e͒ 1 2f a ͑e͒G r ͑e͔͖͒ ,
where G , which describe propagation within the mesoscopic system in the presence of coupling to the leads, and f a ͑e͒ ͕exp͓͑e 2 m a ͒͞k B T͔ 1 1͖ 21 is the Fermi function for reservoir a. If the tunneling barriers to the reservoirs are sufficiently large, and if the temperature and bias are small compared to the energy of an excitation, then the current through the system will be determined by transitions j0 N21 ͘ ! j0 N ͘ between nondegenerate ground states. In the vicinity of such a resonance, the Green's functions can be shown to have the form
where
nm into Eq. (2), one finds the multiprobe current formula
The low-temperature transport through such a correlated many-body system weakly coupled to multiple leads thus exhibits resonances of the Breit-Wigner type [12] , where the positions and intrinsic widths of the resonances are determined by the many-body states of the system. In particular, Eq. (5) implies that the partial widths of the conductance resonances are strongly suppressed for large N due to the orthogonality catastrophe [13] . Equation (6) , which expresses the current in terms of transmission probabilities, is a generalization of the multiterminal conductance formula for a noninteracting system derived by Büttiker [14] to the case of resonant tunneling through an interacting system. In deriving Eq. (6), we have neglected the additional poles in G ,,r nm ͑e͒, which is justified provided k B T ,
N being the energy of the lowest lying excited state of the N-electron system [15] . Equation (6) is thus appropriate to describe resonant tunneling through semiconductor nanostructures [1, 2] or ultrasmall metallic͞superconducting systems [3, 16] under conditions of low temperature and bias, where transport is dominated by a single ground state to ground state transition
We next specialize to the three-terminal configuration shown in Fig. 1(a) . Transport occurs between the left (L) and right (R) reservoirs. The auxiliary reservoir (A) serves as a voltage probe [17] . An ideal voltage probe should have an infinite impedance, so we demand that the 
expectation value of the current flowing into reservoir A be zero, which fixes m A via Eq. (6). Eliminating f A ͑e͒ from Eq. (6), one finds the current flowing from left to right
The total width of the Nth resonance is
where the quantity G
A N ͞h may be interpreted as the inelastic scattering rate due to phase-breaking processes in the auxiliary reservoir. Such processes arise when an electron in the dot escapes into reservoir A and is replaced by an electron from the reservoir, whose phase is uncorrelated with that of the previous electron [12] . It should be emphasized that both the position of the resonance E 0 N 2 E 0 N21 and, in principle, the resonance width G N depend on the external electrochemical potentials and gate voltages due to Coulomb interactions in the system. This dependence must be determined from the explicit form of H int in order to calculate the I-V characteristic.
Let us consider the simple example of a quantum dot defined electrostatically in a 2D electron gas by several metallic gates, as indicated in Fig. 1(a) , treating electronelectron interactions using a capacitive charging model [11] , as indicated in Fig. 1(b) . The Hamiltonian for the interacting region, including the work done by the external voltage sources, is
where´n are the single-particle energies of the (quasi)-bound states in the confining potential of the quantum dot, Q 2e P n d y n d n is the charge operator for the quantum dot, C S P i C i , and the voltages in the reservoirs are defined by m a e F 2 eV a , where e F is the equilibrium electrochemical potential. The spin degeneracy of the system is assumed to be broken, e.g., by an external magnetic field [18] . From Eq. (8), one finds the resonance positions
and widths
For this simple charging model, which neglects intradot correlations, the many-body corrections to the resonance widths implicit in Eq. (5) are absent. The matrix elements V kN depend on the external voltages which define the point contacts 1 and 3. However, their variation in the vicinity of a single resonance may be neglected, so G a N will be taken to be independent of V i . Inserting these expressions into Eq. (7), and performing the energy integral at T 0, one finds the I-V characteristic for the Nth resonance
Similarly, the mean charge on the quantum dot at T 0 in the vicinity of the Nth resonance is found to be [19] ͗Q͘ 2e
The voltage in probe A is determined by the constraint I A 0, and satisfies
For C A fi 0, both I and ͗Q͘ depend on V A , and the nonlinear conductance must be determined from a solution of the coupled Eqs. (11)- (13) . Equations (11) and (12) are functions of voltage differences only, and are thus gauge invariant, i.e., invariant under a global shift of the external electric potentials. Evidently, the multiprobe current given by Eq. (6) is quite generally gauge invariant provided the long-range Coulomb interaction is included in
From Eq. (11), one finds the nonlinear conductance for
are defined in the caption of Fig. 1 ). As a function of the polarization charge Q G induced by the external gates, the linear response conductance exhibits Lorentzian peaks with spacing DQ G e 1 C S D´N ͞e, where D´N is the single-particle level spacing in the dot, leading to periodic Coulomb blockade oscillations in the small capacitance limit, as discussed in Ref. [11] . While the linear response conductance depends only on Q G , G a , and the total capacitance C S , the nonlinear conductance (14) depends explicitly on the asymmetry h in the capacitances of the tunnel barriers. Such an asymmetry leads to a shift in the resonance for large bias, as shown in Fig. 2 . More significantly, the I-V characteristic is in general asymmetric for nonzero h, leading to rectification. The differential conductance typically exhibits a doublet structure (see Fig. 3 ), with peaks when the Fermi levels in the right and left reservoirs are aligned with the resonance; for C A 0, the peaks occur at V 62͑De͞e 1 Q G ͞C S ͒͑͞1 6 h͒ and the ratio of the conductance at the two peaks is ͑1 2 h͒͑͞1 1 h͒. Thus, to treat the nonlinear conductance, it is not sufficient to characterize the electronelectron interactions simply by the charging energy U e 2 ͞C S and the polarization charge Q G ; the full capacitance matrix must be used. Equation (12) predicts that the jump [20] in the mean charge on the quantum dot as a function of Q G is split into two jumps at large bias, of width C S G͞e and heights in the dot, leading to a mean dot charge ͗Q͘ 2e͓N 2 1͞2 1 ͑1͞p͒ tan 21 ͑2De͞G N ͔͒ which is independent of the external voltages in the limit C A ! C S . Such a suppression of charge accumulation-over and above the Coulomb blockade-leads to a dramatic change in the nonlinear conductance, as shown in Fig. 3 . In addition, for C A fi 0, the I-V characteristic is generally asymmetric Fig. 3 ). Thus a seemingly noninvasive voltage measurement involving negligible dephasing G A ͞h can significantly modify the nonlinear I-V characteristic due to electrostatic effects.
The theoretical results presented above are consistent with several recent experiments on coherent resonant tunneling through quantum dots [1, 2] . The thermally broadened Lorentzian conductance peaks predicted by Eq. (7) and the shift of the peak positions at finite bias for h fi 0 are consistent with the experimental results of Foxman et al. [1] . Furthermore, the fact that the tunneling current can be expressed in terms of the transmission probabilities through the many-body system [Eq. (6) ], just as in the noninteracting case [14] , is consistent with the intriguing observation of coherent modulation of the Coulomb blockade peak heights as a function of gate voltage and magnetic field [2] , which suggested the applicability of a Landauer-type formula to resonant tunneling through an interacting system.
In conclusion, a multiterminal conductance formula describing resonant tunneling through an interacting mesoscopic system was derived and used to investigate the nonlinear conductance of a quantum dot. It was shown that the inclusion of the Coulomb interaction between the quantum dot and the external reservoirs and gates leads to a gauge-invariant I-V characteristic which depends sensitively on the full capacitance matrix.
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